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3.1 AE during screw tightening 

















































3.5 Determination of stopping criteria on axially loaded screw 
The	same	ANN	analysis	procedure	was	applied	to	the	sensor	on	load	cell	set.	Strain	was	
normalized	to	the	maximum	axial	strain	measured	by	the	load	cell,	meaning	maximum	axial	load	
on	the	screw	and	therefore	optimal	screw	fixation.	Figure	12	shows	the	results	for	Class	1	(a)	and	
Class	2	(b)	energy.	By	examining	Class	2	energy	an	optimal	point	of	screw	tightening	can	be	
observed.	The	figures	show	the	fixation	process	as	AE	energy	accumulates:	at	first,	strain	is	low	
and	increasing	and	AE	is	accumulating.	At	a	certain	AE	energy	level	strain	stops	increasing	(i.e.	the	
screw	thread	/	implant	interface	begins	to	crush).	From	that	point	on	AE	energy	continues	to	
accumulate	as	damage	progresses	and	strain	decreases	as	the	screw	assembly	progressively	loses	
its	capability	to	transfer	axial	force	due	to	damage	in	the	sawbone	material.	
	
	 	
(a)	 (b)	
Figure	12:	AE/ANN	axial	loadcell	setup:	class	1	(a)	and	class	2	(b).	
	
	
4 Discussion 
Visible	differences	were	highlighted	among	stripped	and	non-stripped	test	blocks	in	terms	of	
pullout	strength	(Figure	9).	In	particular,	the	correctly	fixed	screws	showed	in	both	sets	a	quasi	
linear-elastic	force-displacement	characteristic,	with	a	distinctive	peak	and	a	decrease	at	higher	
displacement	values.	The	stripped	screw	assemblies	showed	no	peak	behaviour;	instead	they	
reached	a	plateau	at	around	the	same	displacement	as	the	correctly	fixed	screws;	the	plateau	
value	is	similar	to	the	high-displacement	axial	force	in	non-stripped	tests.	This	may	be	explained	by	
considering	the	low	displacement	region	dominated	by	homogeneous	load	transfer	between	the	
screw	threads	(if	correctly	fixed)	and	the	bone-like	material;	then,	the	contact	region	at	the	screw	
location	becomes	damaged	and	the	load	transfer	proceeds	by	means	of	shear	or	crushing.	
	
The	load	bearing	capacity	of	stripped	screw	assemblies	was	approximately	50%-60%	lower	than	
the	correct	assembly.	This,	in	a	real-life	bone	and	screw	assembly	(typically	load-controlled	and	
not	displacement	controlled),	confirms	that	the	load	bearing	and	energy	absorption	capacity	of	
such	an	implant	highly	depends	on	a	correct	screw	fixation	
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AE	events	were	recorded	in	both	set-ups.	A	correlation	between	AE	energy	and	damage	occurring	
in	the	material	can	be	inferred	from	the	high	rate	of	energy	that	can	be	seen	close	to	the	stopping	
/	stripping	torque.	AE	energy	alone	was	however	not	sufficient	to	provide	any	information	in	the	
DHS	setup.	In	the	sensor	on	screwdriver	setup	stripped	screws	showed	an	overall	higher	energy	
level,	one	or	two	orders	of	magnitude	higher	than	in	non-stripped	screws.	
	
The	classification	of	AE	signals	during	the	sensor	on	screw	tests	also	made	it	possible	to	obtain	a	
better	insight	into	the	damage	mechanisms	that	occur	during	screw	fixation	(Figure	11).	Class	1	
events	have	an	almost	constant	rate	of	energy	release	and	show	comparable	energy	levels	per	
turn.	The	smooth	increase	in	energy	suggests	that	these	events	are	related	to	screw	thread	friction	
or	to	the	screw	thread	cutting/shearing	the	material.	Class	2	events	show	instead	high	energy	
jumps,	related	to	short-time	energy	release	mechanisms.	Moreover,	high	energy	release	in	class	2	
happens	in	more	than	one	turn	in	overtightened	screws	compared	to	barely	at	the	end	of	a	single	
turn	in	correctly	fitted	screws.	This	suggests	that	class	2	AE	events	may	be	linked	to	crushing	
damage.	In	correctly	fitted	screws	a	small	amount	of	damage	is	required	to	obtain	a	sufficient	
screw	axial	preload.	When	this	damage	becomes	too	high	the	material	around	the	screw	thread	
loses	part	of	its	load	bearing	capacity.	This	results	in	the	screw	not	providing	the	axial	force	
required	to	transfer	the	load	via	friction	to	the	implant	plates,	resulting	in	the	load	–	displacement	
curve	plateauing	as	seen	in	the	pullout	tests.	
	
By	measuring	the	axial	load	during	screw	insertion	it	has	been	shown	that	a	threshold	in	AE	energy	
can	be	set	in	order	to	determine	the	stopping	criterion.	In	a	real	implant	there	will	be	no	access	to	
axial	force	measurement	however	the	two	initial	tests	have	shown	that	AE	can	be	measured	
through	the	screwdriver.	The	third	experiment	shows	that	thresholding	is,	indeed,	feasible	for	
providing	an	early	indication	of	screw	stripping.	
	
As	previously	discussed,	torque	meters	and	torque	limited	screwdrivers	have	been	proven	to	be	
ineffective	in	determining	the	stopping	torque	of	a	bone	implant	screw	
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.	By	demonstrating	the	
feasibility	of	early	detection	of	screw	overtightening	using	AE	based	on	the	bone	AE	energy,	a	
surgical	screwdriver	can	be	manufactured	in	such	a	way	that	it	could	incorporate,	or	allow	the	
fixing	of,	a	small	footprint	AE	sensor.	The	instrument	may	provide	alarms	to	the	surgeon	based	on	
predetermined	thresholds	in	a	way	that	no	expertise	in	the	use	of	AE	is	required.	The	only	major	
hurdle	in	implementing	such	a	device	at	the	moment	is	the	lack	of	live	bone	AE	measurements.	As	
the	presence	of	soft	tissue	has	already	been	proven	not	to	significantly	affect	AE	signals	
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the	screwdriver	design	is	determined	this	may	be	overcome	easily	by	designing	an	experimental	
plan	which	takes	into	account	different	bone	and	implant	types.	
5 Conclusions 
An	experimental	campaign	to	test	AE	monitoring	of	screw	fixation	in	bone-like	testing	blocks	was	
performed	using	three	different	types	of	screw	assemblies	and	test	scenarios.	AE	activity	was	
recorded;	AE	amplitude	was	used	as	a	stopping	criterion	for	determining	correct	screw	tightening.	
A	deeper	analysis	of	AE	data	with	an	unsupervised	neural	network-based	classification	technique	
showed	two	different	damage	mechanisms	that	could	be	helpful	to	detect	overtightened	screws.	
	
Surgeons	make	decisions	on	when	to	stop	tightening	a	screw	based	on	experience	and	tactile	
feedback.	This	can	easily	lead	to	incorrect	fixation,	especially	in	the	initial	phases	of	surgical	
experience,	during	training	or	when	dealing	with	an	unexpected	bone	mechanical	condition.	The	
use	of	torque	limiting	screwdrivers	has	proven	to	lack	the	accuracy	and	the	sensitivity	required	to	
deal	with	different	bone	densities.	The	preliminary	study	presented	in	this	paper	shows	that	a	
device	which	employs	AE	monitoring	to	detect	the	stopping	condition	could	be	of	significant	
benefit	to	Orthopaedic	surgeons	during	bone	fixation,	and	indeed	during	training.	
As	feasibility	has	been	demonstrated	a	follow-up	study	with	more	characteristic	conditions,	e.g.	
adopting	real	bone	models	with	different	densities	and	surrounding	tissue,	will	provide	the	further	
steps	for	validating	this	technique.	The	main	points	to	address	are	the	influence	of	in-vivo	
conditions	on	the	detected	AE	signatures.	The	effect	of	surrounding	tissues,	different	bone	
densities	and	conditions,	and	different	screw	thread	types	will	all	influence	the	AE	transfer	
function	therefore	affecting	the	received	signals.	Moreover,	the	design	of	the	device	will	have	to	
take	into	account	sterilizability	and	ergonomics	as	it	will	contain	on-board	electronics.		
	
Due	to	the	variations	associated	with	patients	and	constructs,	signals	are	likely	to	present	
differences;	it	is	envisaged	that	the	classification	techniques	presented	in	this	paper	will	overcome	
this	problem.	However,	to	prove	the	robustness	and	statistical	significance	of	the	technique,	a	
significant	sample	of	in-vivo	tests	has	to	be	conducted.	
	
Once	demonstrated	in-vivo,	the	availability	of	such	a	device	to	surgeons	could	improve	many	
aspects	of	Orthopaedics.	First	of	all,	during	an	operation	the	surgeon	would	have	additional	
guidance	as	to	when	they	are	reaching	the	appropriate	torque	rather	than	relying	on	just	their	
experience,	as	is	currently	the	case.	Secondly,	this	device	could	help	surgeons	to	develop	a	higher	
sensitivity	in	the	first	phases	of	their	hands-on	training.	As	previously	pointed	out,	optimal	implant	
fixation	reduces	post-operative	complications	in	patients	and	can	guard	against	possible	long-term	
sequelae,	such	as	increased	joint	wear	and	post-operative	arthritis.	This	would	improve	the	quality	
of	life	for	those	patients	and	could	significantly	reduce	the	associated	long-term	healthcare	costs	
to	society.	
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